Ion channels in roots allow the plant to gain access to nutrients. The composition of the individual ion channels and the functional contribution of different ␣-subunits is largely unknown. Focusing on K ؉ -selective ion channels, we have characterized AtKC1, a new ␣-subunit from the Arabidopsis shaker-like ion channel family. Promoter-␤-glucuronidase (GUS) studies identified AtKC1 expression predominantly in root hairs and root endodermis. Specific antibodies recognized AtKC1 at the plasma membrane. To analyze further the abundance and the functional contribution of the different K ؉ channels ␣-subunits in root cells, we performed real-time reverse transcription-PCR and patch-clamp experiments on isolated root hair protoplasts. Studying all shaker-like ion channel ␣-subunits, we only found the K ؉ inward rectifier AtKC1 and AKT1 and the K ؉ outward rectifier GORK to be expressed in this cell type. Akt1 knockout plants essentially lacked inward rectifying K ؉ currents. In contrast, inward rectifying K ؉ currents were present in AtKC1 knockout plants, but fundamentally altered with respect to gating and cation sensitivity. This indicates that the AtKC1 ␣-subunit represents an integral component of functional root hair K ؉ uptake channels.
A rabidopsis shaker-like potassium channel proteins can be divided into five groups: AKT1-, KAT1-, the stelar K ϩ outward rectifier (SKOR)-like ␣-subunits (Fig. 1A) , and two separate groups, formed by AKT2͞3 and AtKC1. Besides AKT5, AKT6, and AtKC1, all distinct ␣-subunits have been heterologously expressed and electrophysiologically characterized. SKOR and GORK form voltage-dependent outward-rectifying K ϩ channels (1, 2), whereas KAT1, AKT1, and KAT2 form voltage-dependent inward-rectifying K ϩ channels (3) (4) (5) . AKT2͞3 exhibits a weak voltage-dependence, conducting potassium at hyperpolarized and depolarized potentials (6, 7) . The predominantly expressed channels in the root are AKT1 and SKOR, whereas AKT1 is expressed in the root cortex and epidermis, and SKOR is expressed exclusively in the stele (1, 8, 9) . The relative small number of shaker-like channel proteins (10, 11) faces many different types of plant potassium currents (12, 13) . Furthermore, there are remarkable differences between currents from native and heterologously expressed channels (14) . How can the diversity of potassium currents be created by such a small number of proteins? Like their animal counterparts (15, 16) , functional plant potassium channels are most likely formed by four ␣-subunits (17) (18) (19) . Besides regulation of channel genes and proteins at the transcriptional (20) or at the posttranslational level (21) , respectively, heteromeric assembly of different ␣-subunits might provide the molecular basis for the functional diversity observed in vivo (22) (23) (24) . Although there is still controversy over them (25, 26) , biochemical and electrophysiological data suggest that, like animal potassium channels (27) , different ␣-subunits of one channel family form heterooligomeric channels (18, 25, (28) (29) (30) .
Here, we report on the molecular cloning and localization of AtKC1, a new member of the plant shaker-like channel family. After the isolation of AtKC1 knockout plants, we provide evidence that root hair K ϩ uptake is based on AtKC1͞AKT1 heteromers. This particular type of interaction was not detected in previous studies using heterologous expression systems (17, 18, 25) .
Methods
Plant Material, Growth Conditions, and Mutants. A. thaliana (Col-0) were grown and mutants were isolated as described (31, 32) . By PCR (forward primer At-1, 5Ј-GCC GTT GTT GAG AAG AGG AAG G-3Ј, position 36, and reverse primer At-2, 5Ј-CGC CGA ATA CCC AAC CAA TAT CAC C-3Ј, position 528), we identified a homozygous footprint mutant in which at nucleotide 258, 70 bp had been deleted, and 8 bp of unknown origin inserted (Fig. 1B) . This plant was backcrossed against Col-0 wildtype. From F1, the segregating F2 population was generated by self-pollination. For subsequent experiments, plants were chosen that were either homozygous for the AtKC1 wild-type allele (wild-type control) or the Atkc1-f allele (knockout plant), both within a similar En-1 transposon background.
AGA TTC-3Ј (position 19; the mutation of ATG to ATC is underlined). The resulting vector, pVKH-PAtKC1-GUS, consists of a 1.9-kb promoter region, the AtKC1 translational start ATG mutated to ATC, the first six codons of AtKC1, and the fulllength uidA gene. This vector was introduced into Agrobacterium tumefaciens GV3101 (37) and transformed into A. thaliana (Col-0) (38) .
Quantitative Reverse Transcription (RT)-PCR. mRNA of root hair protoplasts (see below) was purified 2-fold with the Dynabeads mRNA Direct kit (Dynal, Oslo, Norway) to minimize DNA contaminations. First strand cDNA was prepared by using Superscript RT (GIBCO͞BRL) and diluted for RT-PCR 20-fold in water. PCR was performed in a LightCycler (Roche Molecular Biochemicals) with the LightCycler-FastStart DNA Master SYBR Green I Kit (Roche Molecular Biochemicals). Primers, gene accession numbers, and quantification were done according to ref. 29 .
␤-Glucuronidase (GUS) Assays. GUS histochemical staining was performed on whole seedlings grown on agar plates. After vacuum infiltration with GUS staining solution (100 mM NaH 2 PO 4 , pH 7͞10 mM EDTA͞0.05% Triton X-100͞0.5 mg/ml 5-bromo-4-chloro-3-indolyl-␤-glucuronic acid) two times for 10 min each, seedlings were incubated overnight at 37°C. Tissue was cleared by treatment with ethanol and analyzed by light microscopy. For sectioning, stained roots were fixed (5% formaldehyde͞1% glutaraldehyde͞25 mM NaH 2 PO 4 , pH 7 for 3 h), embedded in methacrylate as described (39) , and cut with the microtome RM2065 (Leica, Deerfield, IL).
Patch-Clamp Recordings. Protoplasts were isolated according to Ivashikina et al. (40) . Measurements were performed in wholecell mode and data were analyzed as described (40) .
Results and Discussion
Isolation and Structure of AtKC1. The AtKC1 gene was isolated as a 3.8-kb fragment from an Arabidopsis genomic library by using a radioactive-labeled probe derived from the KAT1 gene (41) . By using a restriction fragment from the genomic AtKC1 clone, a root-derived YES cDNA library was screened, and a truncated AtKC1 cDNA, missing the two most N-terminal amino acid residues, was isolated. The full-length cDNA was reconstructed by PCR amplification of a genomic fragment and subsequent ligation as a PstI fragment into the cDNA (41) . By sequence comparison of the genomic clone and the AtKC1 cDNA, 12 introns were identified (Fig. 1B) . Several in-frame stop codons upstream of the coding sequence and putative polyadenylation signals located at cDNA nucleotides 2,020 (AATATA) and 2,054 (AATAAT) suggested that the cDNA contained the full-length coding region. AtKC1 encodes a deduced protein of 662 amino acids with a predicted molecular mass of 75.6 kDa. Based on protein comparison, AtKC1 shares up to 65% similarity and 45% identity with other known plant shaker-like K ϩ channels. Within this group, AtKC1 represents the only member of a separate branch (Fig. 1 A) . Its closest orthologue in plants is KDC1, a carrot root hair K ϩ channel (42) . AtKC1 exhibits typical structural domains of the plant shaker like K ϩ channels: (i) six transmembrane regions (S1-S6, residues 91 to 329); (ii) eight basic residues (H, K, R) in the S4 voltage sensor (residue 198 to 219); (iii) a pore-region (P) located between S5 and S6 which contained the GYGD motif for K ϩ -selective ion channels; (iv) a putative cyclic nucleotide-binding domain downstream of the S6 segment (residues 421 to 513); and (v) a hydrophobic and acidic C terminus (K HA ), which has been suggested to be involved in oligomerization of plant K ϩ channel ␣-subunits (18).
AtKC1 Is Predominantly Expressed in Roots.
Northern blot analyses were performed to follow the expression pattern of AtKC1. When probing mRNA derived form various Arabidopsis tissues, AtKC1 transcription was detectable in roots only ( Fig. 2A) . To analyze the expression pattern of AtKC1 at the cellular level, we performed a promoter activity analysis. For this purpose, a 1.9-kb fragment of the AtKC1 promoter was fused to the uidA reporter gene and transformed into Arabidopsis. Tissue-specific expression patterns were analyzed over three generations by histochemical detection of GUS activity in different transgenic lines, which showed the same qualitative staining pattern. Microscopic analysis revealed promoter activity throughout the entire root with decreasing activity toward the root tip ( Fig. 2B Upper Left). The highest level of promoter activity was observed in root hairs ( Fig. 2B Upper Right) and around the central stele. Semithin sections through roots indicated a gradient of promoter activity ranging from the endodermis to the epidermis with decreasing intensity (Fig. 2B Lower) . Because of the higher sensitivity of the promoter-GUS assay compared with Northern Blot analyses, AtKC1 expression also could be observed in leaf nodes, trichomes, and hydathodes (data not shown) of developing Arabidopsis seedlings. A similar expression was found for the AtKC1 orthologue KDC1 from carrot (42).
AtKC1 Is a Plasma Membrane-Located Protein. Protein sequence analysis with TargedP (43) indicated the possibility of AtKC1 being targeted to chloroplasts membranes. To reveal the subcellular localization of AtKC1, we used an immunological approach. By using an affinity-purified polyclonal antibody raised against the C-terminal region of the AtKC1 protein (residues 515 to 662), we were able to follow AtKC1 abundance in Arabidopsis microsomal fractions isolated by free-flow electrophoresis (ref. 35 ; Fig. 3A ). According to marker enzyme activity in the membrane fractions (data not shown), subsequent Western blot analyses revealed that AtKC1 localization was confined to the plasma membrane (Fig. 3B, lanes A and B) . The recognized protein band of about 76 kDa was well in agreement with the predicted size of the AtKC1 protein. No expression was detectable in the ER, mitochondria or tonoplast.
Isolation and Characterization of Atkc1-f. For functional analysis of the AtKC1 gene, we isolated a knockout mutant (32) . We were able to identify Atkc1-f, a stable footprint mutant (Fig. 1B) . This mutant exhibited a 70-bp deletion upstream of the En-1 insertion site as well as an additional 8-bp insertion of unknown origin, resulting in the appearance of a PstI site and an in-frame stop codon following Ala-62 of the deduced AtKC1 protein sequence. To demonstrate that the mRNA carrying the footprint mutation did not encode the entire AtKC1 protein, microsomal membranes from Arabidopsis root cultures were subjected to Western blot analysis (Fig. 3C) . In microsomes of Arabidopsis wild-type plants, a 76-kDa protein corresponding in size to the deduced AtKC1 protein was detected. In contrast, no immunological signal was observed in Atkc1-f.
Major K ؉ Channel Transcripts in Root Hairs. Previous studies (25) have shown that AtKC1 seems not to form functional K ϩ channels when solely expressed in Xenopus oocytes, human embryo kidney 293 cells, or Sf9 insect cells (unpublished observations). Coexpression of AtKC1 or its orthologue KDC1 with members of other subfamilies strongly affected gating, kinetics, selectivity, and heavy metal resistance (25, 30) . Therefore, we studied the potassium conductance of AtKC1 expressing root hair protoplasts isolated from 7-day-old seedlings grown on filter paper. In contact with cell wall degrading enzymes, these cells are the first to release protoplasts (40, cf. 44) . After the isolation of mRNA from this protoplast preparation, we used quantitative RT-PCR to determine the expression levels of Arabidopsis shaker-like potassium channels in this cell type. In line with the GUS staining (Fig. 2B) , all root hair protoplast preparations tested contained AtKC1 transcripts (Fig. 2C) . In contrast to mRNA isolated from young seedlings (data not shown) or whole roots, the root hair protoplast preparation did not contain KAT1 or KAT2, two K ϩ channels expressed in guard cells, or SKOR, the stelar K ϩ outward rectifier expressed in root pericycle and xylem parenchyma cells, respectively ( Fig. 2C ; cf. refs. 1, 5, and 45). Furthermore, transcripts encoding AKT3, a phloem K ϩ channel (6, 7, 46) were not detected. We found GORK, a SKOR-like outward rectifier initially identified in guard cells (2, 40 , and data not shown). The AKT1 and AtKC1 expression in root hairs is in agreement with expression sites of their orthologues LKT1, SKT1, or KDC1 in tomato, potato, or carrot, respectively (42, 47, 48) . Based on these expression patterns, the On semithin cross sections through the root, staining intensity increased from the epidermis (ep) through cortex (co) to the endodermis (en) (B Lower). (C) AtKC1 and AKT1 represent the major K ϩ -uptake channel transcripts in roots and root hairs. Quantitative RT-PCR was used on total RNA isolated from either root tissue (black bars) or root-hair protoplasts (gray bars) with specific primers for all inward rectifying members of the plant shaker-like potassium channels. The numbers above the bars represent the calculated numbers of cDNA molecules in the individual probes according to (29) . outward rectifier GORK and the two inward rectifiers AKT1 and AtKC1 were supposed to dominate the electrical properties of the root hair plasma membrane.
K ؉ Currents in Root Hair Protoplasts. To determine the biophysical fingerprint of the K ϩ channels functionally expressed in root hairs, we used the patch-clamp technique to study protoplasts isolated from wildtype, Atkc1-f, and Akt1-1 loss-of-function plants. When wild-type root hair protoplasts in the whole-cell configuration were challenged with hyperpolarizing and depolarizing voltage pulses, two types of K ϩ currents were elicited (Fig. 4A) , respectively (data not shown). The basic biophysical properties of the inward and outward currents were similar to AKT1-and GORK-mediated currents in heterologous expression systems (2, 49) .
To separate the individual components of the hyperpolarization-activated whole-cell K ϩ currents, we analyzed the corresponding currents from the Akt1-1 and Atkc1-f mutant plants. Root hair protoplasts from Akt1-1 plants completely lacked inward rectifying K ϩ currents (Fig. 4B) . In this respect, these root hair protoplasts resembled the properties of protoplasts from nonepidermal root cells isolated from Akt1-1 seedlings (9) . Under the same experimental conditions, the amplitude and properties of the outward K ϩ currents remained essentially like wild type. This feature is well in agreement with the finding that the transcriptional regulation of GORK in guard cells is not affected by the loss of KAT1 function (29) .
Protoplasts isolated from Atkc1-f plants, in contrast to the Akt1-1 mutant, exhibited a pronounced inward rectifying K ϩ current, which was characterized by a positively shifted I͞V-curve (about Ϫ50 mV; Fig. 4 E and F, open symbols) and faster activation kinetics when compared with the wild type (Fig. 4 I  and J) . With respect to block of ionic currents by Cs ϩ or Ba 2ϩ , Atkc1-f behaved similarly to wild type (data not shown). Pronounced differences of the Atkc1-f mutant became obvious when protoplasts were challenged with 20 mM Ca 2ϩ in the presence of 30 mM K ϩ (Fig. 4 C and D) . Upon the application of progressively more hyperpolarizing voltage steps, a strong time-and F, H, J, and L) . The voltage-current characteristics of inward K ϩ currents in wild-type (C and E) and Atkc1-f knockout protoplasts (D and F) in the presence of 20 mM (F) or 1 mM (E) CaCl2. Current amplitudes were sampled at the end of 1-s pulses to different voltages in the range from ϩ12 to Ϫ188 mV, applied from a holding potential of Ϫ48 mV. The data points represent mean values Ϯ SD for n ϭ 10 protoplasts. Representative whole-cell K ϩ currents in wild-type (C) and Atkc1 knockout (D) protoplasts were measured in an external solution containing 30 mM K-gluconate, 10 mM Mes͞Tris (pH 5.6), and 20 mM CaCl 2. Voltage pulses were applied from a holding potential of Ϫ48 mV in 20-mV decrements in the range from ϩ12 to Ϫ188 mV. Steady-state currents were normalized to currents at Ϫ168 mV. (G and H) Effect of pH on inward K ϩ currents in root hair protoplasts from Arabidopsis wildtype and the Atkc1-f mutant. Whole-cell K ϩ currents in wild-type (G) and knockout protoplasts (H) were elicited by voltage pulse to Ϫ188 mV from a holding potential Ϫ48 mV. External solutions contained 1 mM CaCl 2, 30 mM K-gluconate, and 10 mM Mes͞Tris (pH 5.6) or Hepes͞Tris (pH 7.0). Current traces represent typical recordings obtained in nine independent experiments. Under these conditions, changes in steady-state current amplitudes in response to alkalization of the bathing medium where Ϫ26 Ϯ 5.25% for wildtype and ϩ15 Ϯ 4.24% for voltage-dependent calcium block appeared in the Atkc1-f plant only (Fig. 4 D and F, closed symbols) . A 10-fold reduction in both the K ϩ and Ca 2ϩ concentrations-closer to the physiological conditions in the rhizosphere-did not alter the basic features of the interaction between the K ϩ channel and calcium ions (not shown). We found, however, that the susceptibility of inward K ϩ currents toward protons in Atkc1-f plants were dramatically altered when compared with wild type. In contrast to wild-type root hair protoplasts, extracellular acidification caused a reduction in inward K ϩ currents (Fig. 4 G and H) .
Taken together, the absence of inward K ϩ currents in root hair protoplasts isolated from Akt1-1 loss-of-function plants, the pronounced changes of K ϩ inward currents in the Atck1-f mutant, and the inability of AtKC1 to generate a functional channel by its own, strongly suggest that the AtKC1 subunit represents a component of the root hair inward rectifier K ϩ channel. To prove this, we measured the selectivity for alkali ions by replacing extracellular potassium with sodium or rubidium. In line with a K ϩ -selective channel complex, the exchange of potassium by sodium completely suppressed time-dependent inward currents in both wild-type and Atkc1-f protoplasts (data not shown). Upon replacement of 30 mM K ϩ by 30 mM Rb ϩ , currents carried by the wild-type root hair inward rectifier dropped by about 70-80%, whereas no inward currents were observed in Atkc1-f protoplasts (data not shown). When 1 mM Na ϩ was applied in the presence of 30 mM K ϩ in the bath solution, inward K ϩ currents remained largely unaffected in both wild-type and Atkc1-f protoplasts (data not shown). However, 1 mM Rb ϩ in the presence of 30 mM K ϩ reduced the wild-type K ϩ currents by 20-30% (Fig. 4K) , whereas the inward rectifier in Atkc1-f protoplasts was blocked completely (Fig. 4L) . This mutant behavior points to a dramatically changed pore structure of the root-hair inward rectifier channel. AKT1 represents a likely candidate mediating inward potassium currents in Atkc1-f. This hypothesis is further strengthened by the finding that AKT1, when heterologously expressed in insect cells, has a marked susceptibility toward Rb ϩ and Cs ϩ ions, although there are some differences with respect to blocking by Ba 2ϩ ions and pH dependencies (49, 50) .
Because the biophysical properties of the K ϩ -uptake channel, such as gating, kinetics, and selectivity, are altered in AtKC1-f, AtKC1 seems to represent an integral, pore-lining ion channel subunit rather than a peripheral auxiliary subunit, as known for plant and animal ␤-subunits (51, 52) . In fact, the phenomenon of a ''silent'' ␣-subunit with modulating effects is reminiscent of silent ␣-like subunits of the family of voltage-dependent channels (53-55) as well as cyclic-nucleotide gated channels (56) in the animal kingdom, which alter gating, kinetic, and selectivity because of formation of heteromeric channels. AtKC1 and ATK1 did not form functional K ϩ channels in heterologous expression systems (25) . By using in vivo studies, we provide evidence that, in Arabidopsis root hairs, AtKC1 and AKT1 are part of a functional K ϩ -influx channel. Root hairs and the endodermis with the casparian strip are exposed places for potassium uptake (57) . Knowing that AtKC1 influences the apparent K ϩ conductance of whole-cell inward currents and has a maximum expression in these two cell types, AtKC1 is likely to be a K ϩ -uptake modulatory subunit needed to adjust the characteristics of plant potassium uptake channels such as AKT1.
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